Background: Probiotic treatment strategy based on the hygiene hypothesis, such as administration of ova from the nonpathogenic helminth, Trichuris suis, (TSO) has proven safe and effective in autoimmune inflammatory bowel disease. Objective: To study the safety and effects of TSO in a second autoimmune disease, multiple sclerosis (MS), we conducted the phase 1 Helminth-induced Immunomodulatory Therapy (HINT 1) study. Methods: Five subjects with newly diagnosed, treatment-naive relapsing-remitting multiple sclerosis (RRMS) were given 2500 TSO orally every 2 weeks for 3 months in a baseline versus treatment control exploratory trial. Results: The mean number of new gadolinium-enhancing magnetic resonance imaging (MRI) lesions (n-Gdþ) fell from 6.6 at baseline to 2.0 at the end of TSO administration, and 2 months after TSO was discontinued, the mean number of n-Gdþ rose to 5.8. No significant adverse effects were observed. In preliminary immunological investigations, increases in the serum level of the cytokines IL-4 and IL-10 were noted in four of the five subjects. Conclusion: TSO was well tolerated in the first human study of this novel probiotic in RRMS, and favorable trends were observed in exploratory MRI and immunological assessments. Further investigations will be required to fully explore the safety, effects, and mechanism of action of this immunomodulatory treatment.
Introduction
The hygiene hypothesis is one of several explanations which have been advanced to account for the recent, marked increase of allergy and autoimmunity in developed countries. [1] [2] [3] According to this hypothesis, a lack of evolutionarily normal infectious exposures in early life in areas with high levels of sanitation contributes to abnormal immune regulation in susceptible individuals. In this regard, Leibowitz and colleagues 4 were the first to demonstrate that multiple sclerosis (MS) was more prevalent in areas of high sanitation, and subsequent epidemiological surveys have confirmed this association. 5 Treatment paradigms based on the hygiene hypothesis include probiotic strategies, that is, the administration of non-pathogenic live microorganisms which, when given in adequate amounts, confer a health benefit on the host (World Health Organization definition). 6 In this regard, many helminths are evolutionarily well adapted to their hosts and are known to reduce host inflammatory responses; 7 in fact, every mammal living in a natural environment, 8 including hominoids and, until recently, all humans, has been colonized with helminths. 7 Experimentally, helminths have been successfully applied in animal models of allergic and autoimmune diseases, including colitis, arthritis, type 1 diabetes, and experimental autoimmune encephalomyelitis. 2, 9, 10 In addition, beneficial immunomodulation by helminths in humans has been demonstrated in an observational study of relapsing-remitting multiple sclerosis (RRMS) patients with asymptomatic, communityacquired gastrointestinal infections. 11, 12 Safety and benefit have also been demonstrated in controlled clinical trials of Trichuris suis (porcine whipworm) ova (TSO) in inflammatory bowel disease (IBD), including ulcerative colitis 13 and Crohn's disease, 14 although a clinical trial of TSO in allergic rhinitis did not demonstrate a change in symptom scores. 15 Recently, a comprehensive cellular and molecular analysis of changes in the intestinal mucosa of a patient with IBD before and after colonization by the human whipworm, T. trichiura, demonstrated that active colitis was associated with T helper cells producing IL-17 and expression of proinflammatory genes such as IL-17 and IL-13RA2; during parasitic colonization, colitis remitted, and a decrease in IL-17-producing cells, a dramatic increase in IL-22-producing cells, and relative reduction in proinflammatory gene expression were observed. 16 After ingestion of T. suis ova in the human (nonnatural) host, immature larvae hatch in the proximal small bowel and migrate through the gastrointestinal lumen to the mucosa of the colon, where transient colonization is established for several weeks, followed by immune-mediated elimination. 17, 18 From these studies it has been demonstrated that T. suis is not a human pathogen; does not multiply within the host; has no systemic spread or invasion beyond the lumen and superficial mucosa of the colon; is not infectious for household contacts, since any excreted ova are not embryonated; does not entail the risk of transmitting human pathogens from human source materials; and may be produced in specific pathogen-free animals and purified according to good manufacturing standards (GMP) for investigational pharmaceuticals and biologics. 19 Given the demonstrated benefit of helminth TSO administration in IBD, we sought to study the safety and promise of TSO in a second autoimmune disease, MS. We found that new active magnetic resonance imaging (MRI) lesions were decreased after TSO administration and that most of the subjects developed an anti-inflammatory response that was associated with increases in the serum levels of IL-4 and IL-10 cytokines. Together, our findings reveal a novel immunomodulatory approach for RRMS that warrants further evaluation.
Subjects and methods

Study design
During review of the proposed study design of phase 1 Helminth-induced Immunomodulatory Therapy (HINT 1) by the National Multiple Sclerosis Society Committee on Clinical Trials, it was suggested, in view of the novel live organism treatment and the unknown response of MS subjects to TSO, that the first investigation should be a brief pilot study designed primarily to evaluate safety and tolerability of this agent in a small group of RRMS subjects.
A baseline versus treatment design was adopted, consistent with established guidelines for pilot studies of new agents in MS in which MRI outcomes are used to determine initial safety and promise; 20 statistically, a baseline versus treatment design is most efficient in exploratory studies, since each subject serves as his or her own control during the experimental intervention. 21 The investigation was approved (# H-2007-0390) by the University of Wisconsin Health Sciences Institutional Review Board; in addition, an independent data and safety board (DSMB) consisting of faculty from neurology, infectious diseases, gastroenterology, immunology, and neuroradiology not otherwise involved with the study was established. The HINT 1 trial was registered at ClinicalTrials.gov (# NCT00645749), and the study was assigned Investigational New Drug number BB-IND 1385 by the US Food and Drug Administration (FDA).
Subjects
Participants consisted of five subjects who met the 2005 McDonald Committee criteria 22 for RRMS and who declined standard disease-modifying treatment. All subjects were newly diagnosed, were treatment naı¨ve, and had at least one active (gadolinium-enhancing) brain MRI lesion at study entry ( Table 1) . Subjects underwent 1 month of pre-treatment screening, 3 months of TSO treatment consisting of 2500 ova orally every 2 weeks, and 2 months of post-treatment observation. The dosing schedule for TSO was based on prior clinical trials, [13] [14] [15] 18 which in turn were based on experimental studies of T. suis administration in animals 23, 24 and humans. 17 For each subject, study day 1 was designated as the date of first TSO dose administration. Healthy normal blood donor control subjects were recruited from relatives and friends of clinic patients, matching MS subjects as closely as possible demographically. Written informed consent was obtained from all subjects in the study.
TSO production and testing
TSO was produced at GMP quality control standards, which assured purity and sterility at pharmaceutical grade, and purchased from Ovamed, Hamburg, Germany. The 2500 microscopic ova are visible only as a slight haze when suspended in 15 ml of sterile of phosphate buffered saline (PBS), pH 3.0; subjects reported that the solution had a salty, not unpleasant taste, similar to a mildly acidic sports drink. After TSO was received from Ovamed, additional testing for microbial contamination was conducted by the Waisman Clinical Biomanufacturing Facility (WCBF) at the University of Wisconsin; assays performed included those for endotoxin by kinetic turbidimetric assay (US Pharmacopeia standard <USP 85>), bacterial microbial limits (USP <61>), hepatitis E by PCR, and porcine adventitious agents by cytopathology, immunofluorescence, and hemadsorption determinations (per Code of Federal Regulations, 9 CRF 113 standard). After the conclusion of the clinical trial, assay of a vial from the same lot of TSO demonstrated 2505 AE 84 total ova, with an egg embryonation rate of 86.4 AE 4.7% and a larval viability of 85.7% (assays kindly performed by Dr David Elliott, University of Iowa, Iowa City, IA, USA).
Clinical and safety assessments
The clinical status of each subject was determined monthly by masked neurological and general medical examinations, the Multiple Sclerosis Functional Composite (MSFC), 25 and the Expanded Disability Status Scale (EDSS). 26 Adverse effects were assessed, as recommended by the FDA, by the Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers. 27 Routine safety laboratory determinations, including complete blood count; serum creatinine, liver function, and pregnancy tests, as well as stool ova and parasites, were performed monthly by the clinical laboratory service at the University of Wisconsin Hospitals and Clinics.
MRI assessments
Brain MRIs were performed with and without intravenous contrast (double-dose gadolinium, 0.2 mmol/kg body weight) on a 3-Tesla scanner (GE Healthcare, Waukesha, WI. USA). New gadolinium-enhancing lesions (n-Gdþ) were scored by the attending neuroradiologist (ASF), who was masked to subject clinical and treatment status.
Immunological assessments
Eosinophil counts and high-sensitivity C-reactive protein (hs-CRP) were performed monthly by the clinical laboratory service at the University of Wisconsin Hospitals and Clinics.
Antibodies specific for T. suis excretory secretory products (ESP) (a generous gift from Drs. Joseph Urban and Dolores Hill USDA, Bethesda MD, USA) were determined by ELISA as previously described, 28 with the assay modified by substitution of secondary antibodies for anti-human IgG1 or IgA (BD Biosciences, San Jose, CA, USA) or anti-human IgE, (Mabtech, Mariemont, OH, USA). Serum cytokine levels were determined by an array-based multiplex sandwich ELISA (Quantibody Human Th1/Th2 array, RayBiotech, Norcross, GA, USA) following the instructions of the manufacturer. In order to enumerate cells with phenotypes corresponding to alternatively activated macrophages (AAM) or T regulatory (Treg) cells, peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood samples by Ficoll density gradient centrifugation; subsequently cells were stained and flow cytometry performed as described previously. 29 In the case of AAM, cells were stained with CD14-FITC (monocyte-macrophage, eBioscience, San Diego, CA, USA), CD23-APC (lowaffinity Fc"RII, eBioscience, San Diego, CA, USA), and CD124-PE (IL-4R, BD Biosciences, San Jose, CA, USA). Staining was performed at 4 C for 30 min, followed by washes with 0.1% BSA in PBS. For Treg cell enumeration, cells were stained with anti-human CD4-FITC and anti-human CD25-APC (BD Biosciences, San Jose, CA, USA), fixed and permeabilized, and subsequently stained with anti-human Foxp3-PE (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. The stained cells were acquired on a FACS-Calibur cytometer (BD Biosciences, San Jose, CA, USA) and analyzed by using FlowJo analysis software (Tree Star, Ashland, OR, USA). Due to the small number of subjects, the brief period of treatment, and the exploratory nature of the first-use safety study, formal statistical analyses were not considered appropriate, and data are presented for each subject.
Results
Clinical and safety assessments
All testing at Ovamed and WCBF showed no microbiological contamination of TSO. No subject had a relapse or significant change in baseline versus treatment neurological functioning as judged by the EDSS or MSFC performed by masked examiners (data not shown). Three subjects experienced the onset of mild gastrointestinal symptoms (FDA scale 27 grade 1, no interference with activities of daily living such as school or work, 2-3 loose stools per day) at about 30 days after the first dose of TSO (study day 1). Spontaneous resolution of these minor symptoms occurred after 6, 1, and 4 days for subjects 002, 003, and 004, respectively, similar to the transient, lowlevel gastrointestinal symptoms noted in a prior clinical trial of TSO in allergic rhinitis. 15 We suspect that the transition from minor symptoms to asymptomatic status in these subjects corresponded to the onset of strong adaptive immune responses to T. suis. No abnormality was detected in standard laboratory tests of hematological, renal, and liver function.
No subject became pregnant. All ova and parasite stool determinations were negative, except for a single sample in subject 003, which showed scant ova at study day 151. On follow-up at study day 169, this subject's stool ova and parasite sample was negative. It should be noted that even in the rare event of egg passage by a subject, ova are not infectious for contacts 30 since ova are likely dead pass-through eggs; even in the event that new, viable eggs were to be passed in stool, prolonged incubation after excretion is required for ova to become embryonated (i.e. infectious), and modern sanitation blocks this step in the whipworm life cycle. 31 All data were reviewed by the independent DSMB, and no safety concerns were identified, although more intensive analysis of stool samples in future studies was recommended.
MRI assessments
The mean number of new (unique to each MRI) gadolinium-enhancing lesions on masked reading of doubledose gadolinium studies was 6.6 at baseline screening, 2.0 at the end of 3 months of TSO treatment, and 5.8 at 2 months after treatment was stopped (Figure 1) . No subject had a change in neurological symptoms during the fluctuations of MRI activity shown in Figure 1 .
Immunological assessments
Serum hs-CRP and blood eosinophils initially rose during the first two months of TSO administration and fell thereafter in most subjects during and after the last month of ova exposure (Figure 2A and 2B) , as might be expected for an acute-phase reactant and an indicator of Th2 responses, respectively. It is possible that these trends reflect an early inflammatory response during the initiation of gastrointestinal infection, followed by a later, anti-inflammatory response induced by persistent, low-level T. suis colonization and repeated oral dosing of TSO.
Increasing levels of IgG1 antibodies specific for T. suis ESP were detected in all subjects during HINT therapy ( Figure 2C) ; the IgG1 antibodies peaked at the end of TSO administration and remained elevated thereafter. IgA antibodies specific for T. suis ESP peaked at day 60 in subjects 002 and 004 and at day 100 in subject 001. In contrast to IgG1, IgA dropped to baseline values after TSO treatment was terminated ( Figure 2D ). These antibody responses to ESP demonstrate the presence of the larval form (not merely ova) of T. suis in our subjects and show the ability of this organism to elicit strong antibody responses in a nonnatural host. T. suis-specific IgE was not detected in any subject (data not shown), possibly due to the short period of TSO administration or weak IgE-inducing ability of the helminth.
These results indicate that although whipworm colonization is limited to the gastrointestinal lumen and superficial mucosa, 19 a vigorous systemic immune response was nevertheless elicited in all HINT 1 subjects. Similar results were found in a recent clinical trial of TSO treatment of allergic rhinitis. 15 Serum cytokine levels for each subject are shown in Figure 3 . Although there was individual variation in cytokine responses, in general TSO was associated with a relative increase of serum IL-4 ( Figure 3C ; subjects 002, 003, 004, 005), IL-5 ( Figure 3D ; subjects 004, 005), Il-10 ( Figure 3E ; subjects 002, 003, 004, 005), and IL-13 ( Figure 3F ; subjects 004, 005). No significant decrease in INFg or IL-2 was found ( Figure 3A and 3B). Subject 001, the only male in the study and the patient with the longest history of relevant symptoms, in general had less evidence of immunological or MRI activity than did the other subjects. These exploratory, serum-based findings are limited by the small number of subjects and because cellular responses to specific antigens, such as those of myelin, were not measured. Nevertheless, taken together, they suggest a shift to an anti-inflammatory environment and indicate the need for further investigations to test this hypothesis.
Since helminth infections or Th2-type polarized immune responses often generate high numbers of AAM, we next tested the frequency of circulating monocytes expressing typical cell surface AAM markers in PBMC of our subjects. 32 We measured the relative number of CD23þ (low-affinity Fc"RII) and CD124þ (IL-4R) in the CD14þ monocyte population by flow cytometry. Two representative cytofluorimetry dot plot panels (subjects 001, 002) are shown in Figure 4 . Subject 001 showed an equivalent percentage of CD14þCD23þ monocytes when compared with a healthy normal donor subject (10% and 11%, respectively), and subject 002 showed lower frequency (2%). With regard to CD124 expression, only 1% of CD14þ cells were positive in all individuals, and no changes could be detected during TSO treatment. These results suggest that any AAM-inducing soluble factors at the site of T. suis infection, if present, had no effect on the phenotype of circulating monocytes.
We next studied the frequency of Treg cells (CD4 þ CD25 þ Foxp3 þ ), which have been observed following helminth infections and may suppress inflammatory responses. 33 As shown in Figure 5 , there was a modest increase in CD4 þ CD25 þ Foxp3þ cells in subjects 004 and 005, but no change in the other subjects. These findings indicate that if CD4 þ CD25 þ Foxp3þ cells are generated in the gut 34 during T. suis infection, they do not enter the systemic circulation in significant numbers. Further studies will be required to determine if the suppressive function 35, 36 of circulating CD4 þ CD25 þ Foxp3þ cells is altered after TSO administration in MS subjects.
Discussion
HINT 1 is the first prospective clinical trial designed to assess the effects of a hygiene hypothesis-based GMP probiotic treatment for MS. Although safety and efficacy of TSO had been demonstrated in clinical trials of IBD, 13, 14, 19, 37 an exploratory study of TSO was deemed necessary in MS because of the possibility of adverse outcomes such as gastrointestinal complications 38, 39 or a paradoxical or anti-therapeutic effect on MS activity. HINT 1 demonstrated that TSO was well tolerated by patients with RRMS. The minor gastrointestinal symptoms (FDA grade 1) observed in three of the five subjects at TSO initiation were transient and did not interfere with activities of daily living, such as work or school; these findings were similar to low-level symptoms noted in a previous TSO trial in allergic rhinitis. 15 Results of MRI activity, as judged by the change in number of n-Gdþ on double-dose gadolinium scans during TSO exposure, were favorable (Figure 1) , although longer studies with larger numbers of subjects will be required in order to determine whether these findings represent an early therapeutic response, regression to the mean, or coincidence. Notably, however, the increase or apparent rebound in activity in four of five subjects 2 months after TSO was discontinued suggests that helminth exposure did influence MRI measures.
The changes in acute-phase reactants and antibodies shown in Figure 2 indicate a vigorous systemic response to the transient colonization of the superficial intestinal mucosa by T. suis. Although our investigations showed an increase in serum IL-4 and IL-10 levels in most subjects during HINT 1, the mechanism of putative immunomodulation by T. suis is unknown and will require further investigation.
The MRI and immunological changes after helminth exposure in the HINT 1 trial were less dramatic than Representative results are shown for a control healthy donor subject and two of the study subjects, 001 and 002. Data are shown for timepoints at screening and after 1, 2, or 3 months of TSO treatment, and the frequency of doubly stained, AAM phenotypic cells is indicated by the insert box and the percent enumerations shown. No significant increases in AAM frequency were noted during TSO treatment.
those noted in the previous double-cohort prospective observational study of Correale and Farez, 11 although there were significant methodological differences between the two studies. In the observational study, serial MRI studies were performed every 6 months for an average follow-up of 4.5 years; during this period of observation, only four n-Gdþ MRI lesions were found in 12 MS patients with asymptomatic gastrointestinal helminth infections, in comparison with 78 n-Gdþ MRI lesions which were seen in 12 uninfected, demographically matched MS control subjects, a 95% relative reduction in MRI activity. 11 It should be noted, however, that the first time-point in this investigation was 6 months after the onset of eosinophilia, whereas the HINT 1 safety study examined the earliest phases of helminth exposure, i.e. 3 months after first TSO administration and just 2 months after eosinophilia appeared. Since the magnitude of MRI effects by agents such as copolymer may take 3-6 months before becoming fully apparent, 40, 41 it is possible that the observations in the pilot HINT 1 study were of insufficient duration to adequately test the eventual favorable or unfavorable effects of TSO on MRI measures.
In experimental and clinical autoimmune conditions, helminths have been shown to modulate dysregulated and pathogenic immune responses through multiple mechanisms. 11, 16, 33, [42] [43] [44] [45] [46] [47] Helminth infection also may be associated with laboratory evidence of decreased immune activity 48 and attenuated responses to vaccination. 49 However, clinical immunosuppression sufficient to result in morbidity and mortality of the host would not be expected during prolonged co-evolution with a parasite. 46, 50 In fact, overt immunosuppression by helminths rarely occurs unless one or both of the following are present: (1) concomitant immunosuppressive therapy, such as that employed for transplantation or rheumatological disorders; 51, 52 and (2) an agent, such as Stronglyloides stercoralis, which is able to complete a full lifecycle within the host and therefore has the potential for autoinfection and hyperinfection. 53 Empirically, in an observational study of RRMS patients with asymptomatic, natural gastrointestinal parasitism, immunosuppression was not evident during a mean follow-up of 4.5 years. 11 With specific regard to whipworms, it has been found that these organisms generally have low pathogenicity in adult humans, 31 and clinical trials with the porcine whipworm (TSO) have not demonstrated clinical immunosuppression. [13] [14] [15] 18 During the HINT 1 study there was no increase in the expected number or severity of infections, and the principal arms of the immune system appeared to be intact, as judged by total leukocyte counts, total CD4þ lymphocyte numbers (data not shown), humoral responses (Figure 2 ), cytokine production ( Figure 3 ), and macrophage phenotype (Figure 4 ).
Maizels et al. have suggested that the long co-evolution of helminths with humans has made these organisms master regulators of host immune responses. 54 At present, the most practical means of exploring the potential of helminth-induced immunomodulation has been observational and clinical trials with live organisms; 11, [13] [14] [15] 55 however, if these investigations indicate therapeutic promise and reveal mechanisms of action, it is realistic to hope that eventually specific helminth-associated immunomodulatory molecules may be identified, purified, and studied as potential pharmaceuticals.
The principal finding of this pilot study was that during 3 months of probiotic TSO administration, RRMS subjects did not experience any early, major toxicity or paradoxical increase in clinical or MRI measures of MS activity. Favorable trends in MRI results and some immunological determinations were noted in this first-use exploratory trial, and indicate the potential promise of the novel GMP immunomodulatory agent. However, only follow-up studies of longer duration and with larger numbers of subjects will adequately determine safety and efficacy of TSO and similar biologics in RRMS. We strongly discourage 
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Frequency of CD4+CD25+Foxp3+ T regulatory cells in CD4+ population (%) Figure 5 . Frequency of CD4þCD25þFoxP3þT regulatory cells. After isolation of peripheral blood mononuclear cells by Ficoll density gradient, cells were stained for CD4 and CD25, fixed and permeabilized, and then stained for Foxp3 expression.
The frequency of FoxP3þ cells as a percentage of total CD4þ cells for all subjects during the study is shown.
administration of this or other helminth preparations outside of controlled clinical trials which have appropriate regulatory oversight and continuous monitoring for possible adverse effects. In addition to the possible application of this new class of immunomodulatory agents, as well as molecules derived from them, 44 to the treatment of IBD, MS, and other disorders, research in this field may address the fundamental immunological issue of the relevance of the hygiene hypothesis to the etiopathogenesis of allergic and autoimmune conditions in general.
